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ABSTRACT 
PALEOMAGNETISM OF EOCENE VOLCANIC TUFFS FROM LARAMIDE 




University of New Hampshire, December, 2008 
Volcanic tuff samples were collected from twenty-nine tuff horizons in Laramide 
foreland basins and measured for their paleomagnetism. The results were combined with 
high precision radiometric ages of the same tuffs to evaluate eight competing calibration 
models for the Eocene part of the Geomagnetic Polarity Time Scale (GPTS) by 
comparing the measured polarity to that predicted by each age model. Of the eight 
models, the New Willwood model is tentatively favored and recommended as the best 
alternative yet available to the current GPTS calibration. It not only removes an ongoing 
chronostratigraphic discrepancy in the Greater Green River Basin, but also provides a 
new temporal framework to which regional chronostratigraphic data are correlated most 
coherently. This new calibration model implies a shorter duration for the early Eocene 
and the Early Eocene Climatic Optimum and also suggests that rates of seafloor 





The Geomagnetic Polarity Time Scale (GPTS) plays an integral role in the 
Geologic Time Scale and thus has profound effect in our interpretation of Earth history. 
However, for the pre-Miocene GPTS where theoretical uncertainties in the orbital 
calculations do not permit astronomical calibration of magnetic chrons, absolute 
calibration must be achieved via interpolation between a set of selected radiometric 
tiepoints. According to the interpolation method, calibration of intervening magnetic 
anomalies is highly sensitive to the number and accuracy of the tie points being used, 
making the interpolated segments poorly constrained. Since the GPTS serves as a global 
reference to which radiometric ages, magnetostratigraphies and marine and continental 
biostratigraphies are correlated, uncertainties in the GPTS calibration can quickly 
propagate and potentially affect studies that rely on it for chronostratigraphic purposes 
(Machlus et al., 2004). 
In the Greater Green River Basin of southwestern Wyoming (= Bridger, Great 
Divide, Washakie and Sand Wash Basins, Figure 1.1), ongoing chronostratigraphic 
discrepancies of early Eocene terrestrial strata (Clyde et al., 2004; Smith et al., 2004) 
have been attributed to inaccurate calibration of the Eocene GPTS, giving rise to 
1 
alternative calibration models that employ different calibration methods and/or different 
calibration points (Wing et al., 2000; Machlus et al., 2004; Smith et al, 2008). Many of 
these proposed age models are based on a suite of high precision 40Ar/39Ar ages from 
terrestrial volcanic tuffs that are correlated to magnetostratigraphic and biostratigraphic 
data (Wing et al., 2000; Smith et al., 2003, 2006, 2008; Machlus et al., 2004; Murphey 
and Evanoff, 2007). In the marine realm, Westerhold and Rohl (in preparation) have 
produced the first astronomically calibrated chronostratigraphy for the early Eocene. 
Although the astronomical calibration is floating, it provides independent constraints on 
relative durations of chrons and forces reevaluation of the current calibration scheme for 
the Eocene part of the GPTS. 
One way to assess the accuracy of the various competing calibration models for 
the early-middle Eocene is to directly measure the paleomagnetic polarity of 
radiometrically dated tuffs and compare the measured polarity to that predicted by each 
age model. In this study, paleomagnetic polarities of twenty-nine early to middle Eocene 
tuffs (from 30 sites totaling 128 samples; Table 1.1, Figure 1.2) are presented. These data 
are combined with the most recent Ar/ Ar ages of the same tuffs to choose a 
calibration model for this part of the timescale that best meets the available 
chronostratigraphic constraints in the most coherent way. The two data sets are derived 
from the same deposits, and thus uncertainties associated with lithostratigraphic 
correlation are avoided. When combined, they allow for the most complete evaluation of 
the different calibration models yet available, as this is the first study to employ both 
radiometric and paleomagnetic data in evaluating the age models. 
2 
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Figure 1.1: Map showing generalized geology of the Greater Green River, Wind River, 
Fossil, Uinta and Piceance Creek Basins. Pink circles show sampling locations for this 



















































































































































































































































































































































































































































Improved chronostratigraphy of the Greater Green River Basin and refinement of 
the timescale calibration of the early to middle Eocene have important implications for 
studies that rely on temporal synchroneity (or lack thereof) for causal arguments of major 
geological events such as climatic and biotic changes. The Paleocene-Eocene boundary 
provides a case in which a climatic and biotic link has been demonstrated using precise 
chronology (Koch et al., 2003). The early Eocene represents yet another opportunity to 
study climatic effects on terrestrial mammalian evolution. In particular, a coupling 
between the Early Eocene Climatic Optimum, which represents a pivotal point in 
Cenozoic climatic history (Zachos et al., 2001), and the Wasatchian/Bridgerian North 
American Land Mammal Age (NALMA) faunal turnover, has been suggested based on 
their co-occurrences in chron C23r (Clyde et al., 2001). An underlying mechanism for 
this coupling, however, remains elusive, and only with an improved chronostratigraphy 
and a reliable GPTS, can correlation between deep sea climatic proxy and terrestrial 
biotic records be made to allow more detailed stratigraphic comparison of the two events. 
Finally, a refined GPTS can in turn provide important feedback to help reconstruct 
seafloor spreading rates of the South Atlantic, Pacific, and Indian Oceans during the 
study interval and test the assumption of smoothly varying seafloor spreading rates on 
which the precision of the GPTS has traditionally relied. 
1.2 Geomagnetic Polarity Time Scale 
Cande and Kent (1992, 1995, hereafter CK92 and CK95 respectively) constructed 
a synthetic magnetic anomaly pattern using a compilation of marine magnetic anomaly 
profiles from the South Atlantic with short splices inserted from faster spreading ridges in 
the Pacific and Indian Oceans to resolve finer details. Based on this reference anomaly 
5 
profile, a Late Cretaceous and Cenozoic GPTS was formulated by applying a cubic spline 
function to a set of age calibration data. In 2004, Gradstein et al. (2004, hereafter 
GOS2004) recalibrated the Cande and Kent (1992) anomaly profile using a wealth of 
new geochronological information that had been made available since the publication of 
the last GPTS. Some of the improvements in the GOS2004 timescale include the use of 
astronomical tuning, U-Pb dating, and a better understanding of isotopic systems and 
decay constants that result in higher-resolution radiometric age constraints. Since the 
GPTS serves as a global chronostratigraphic framework into which magnetostratigraphy, 
biostratigraphy, cyclostratigraphy and radiometric ages are integrated, timescale 
calibration is a matter of fundamental significance with implications for many branches 
of Earth sciences. 
Historically, there have been many fewer radiometric calibration points than 
geomagnetic reversals, so a large part of the pre-Miocene GPTS relies on cubic spline 
interpolation based on the assumption of smoothly and continuously varying seafloor 
spreading rates. This assumption may be valid over geologically long time scales (e.g., 
10's of millions of years), however, recent studies on astronomical calibration of the 
Neogene magnetic anomalies revealed that seafloor spreading rates are more variable 
than had been modeled, indicating that the assumption needs to be reevaluated with more 
radiometric and paleomagnetic data that are spaced much more finely than calibration 
points are in the GPTS (Lourens et al., 2004). 
The early Eocene is one of the poorly constrained intervals of the GPTS; for 
instance, between CK95 and GOS2004 time scales, there is as much as a ~1 million year 
difference in the numerical age of the C20r/C21n chron boundary and ~1.7 my difference 
6 
in the duration of the early Eocene. In GOS2004, the Eocene segment of the GPTS2004 
is calibrated by five radiometric tie points that are spaced on average every ~5 Ma, 
leaving the interpolated segments poorly constrained. The tuffs studied here are sampled 
on average every -0.36 Ma and thus can be used to check the precision of the timescale 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































PREVIOUS CHRONOSTRATIGRAPHIC STUDIES 
2.1 Radiometric Dating 
Ash fall and reworked tuff deposits that are thought to have originated from the 
Absaroka and/or Challis volcanic fields -300 km northwest of the study area are common 
in the sedimentary record throughout the central Rocky Mountain basins and have served 
as synchronous marker horizons (Bradley, 1964; Smedes and Prostka, 1972). Since the 
1960s, volcanogenic minerals such as biotite, sanidine, plagioclase and zircon from 
volcanic tuffs have been used for K/Ar, °Ar/ 9Ar, U-Pb and fission track dating, 
providing maximum constraints on depositional ages of the tuffs. In many cases, these 
radiometric ages were tied to North American Land Mammal Age (NALMA) faunal 
records and played a fundamental role in the development of the Cenozoic NALMA 
chronology (Evernden et al., 1964). Also, these methods play an important role in placing 
limits on rates of regional biotic, sedimentary and paleoclimatic records (Mauger, 1977; 
Nelson, 1979; O'Neill, 1980; Bryant et al. 1989; Prothero, 1996; Evanoff et al., 1998; 
Buchheim and Eugster, 1998). More recently, Smith et al. (2003, 2006, 2008), Machlus et 
al. (2004), and Murphey and Evanoff (2007) have dated a total of thirty-one tuffs from 
early to middle Eocene strata throughout Rocky Mountain basins, making the area 
suitable for a comprehensive chronostratigraphic study. In this study, the most recently 
14 
reported Ax I Ar ages for the sampled tuffs are used to locate them within each of the 
eight age models (Smith et al., 2003, 2008). 
2.2 Magnetostratigraphy 
Magnetostratigraphy has been the principle method of placing vertebrate fossils in 
a temporal framework because radiometrically datable tuffs are rather sporadic in 
occurrence and cannot always be tied to fossil localities precisely. In the Uinta Basin, 
Prothero (1990) conducted magnetostratigraphic studies in four areas of the basin 
covering parts of the Evacuation Creek Member of the Green River Formation through 
the late Eocene Duchesne River Formation. The Indian Canyon section of Prothero 
(1990) is of particular interest to this study because it stratigraphically overlaps with two 
of the tuffs analyzed here. Within the section which is based at the Horse Bench 
Sandstone marker bed and extends to near the top of the limestone and saline facies, 
Prothero (1996) identified six reversals and correlated them to chrons C21r to C18r. Due 
to the lack of reliable radiometric ages from the Indian Canyon at the time of the study, 
the correlation to the GPTS was achieved based on similar mammalian faunas found in 
magnetostratigraphically calibrated sections in the Washakie Basin (Flynn, 1986). 
In the Greater Green River Basin, obtaining reliable magnetostratigraphy from 
lacustrine facies of the Green River Formation has been difficult due to their weak natural 
remanent magnetization and complex magnetic mineralogy, and thus, available 
magnetostratigraphic studies are limited to the basin margin where fluvial facies are more 
dominant (Strangway and McMahon, 1973; Jerskey, 1981; Sheriff and Shive, 1982; 
Clyde et al., 1997, 2001). Presently, magnetostratigraphy has been reported from three 
sections on the western (near Opal and Sage Creek Mountain) and eastern (South Pass) 
15 
sides of the basin. Clyde et al. (1997, 2001) correlated rocks spanning the Cathedral 
Bluffs Member of the Wasatch Formation, Tipton and Laney Members of the Green 
River Formation and the Bridger A lithology of the Bridger Formation to Chrons 
C24n.ln to C22n. Jerskey's (1981) section extends from the Bridger B to Bridger E 
lithology and are correlated to chrons C21n through C20r. 
For this study, paleomagnetic analyses were performed preferentially on tuffs, and 
the more common but paleomagnetically problematic siliciclastic facies of the Green 
River Formation were avoided. Though deposited in the same lacustrine environment, the 
tuffs appear to be more reliable for paleomagnetic analysis, probably due to their greater 
concentration of detrital magnetic minerals compared to the strati graphically adjacent 
siliciclastic deposits. 
In the absence of a basin-wide chronostratigraphy, it has been problematic to 
unequivocally correlate the available 40Ar/39Ar dates of lacustrine tuffs from the basin 
center outward to the basin margin magnetostratigraphic sections (Westerhold and Roel, 
in prep; Clyde et al., 2004; Smith et al., 2004; Machlus et al., 2004). Even where 
correlation is possible, there is a discrepancy between chronostratigraphic models derived 
by magnetostratigraphic and radiometric methods. For instance, the Sixth tuff which is 
located just beneath (~ 2.4 m) the Wilkins Peak and Laney Member transition in the basin 
center plays an important role in the consideration of basin wide correlation of 
chronostratigraphic data (Figure 1.2). During the deposition of the Laney Member, 
paleolake Gosiute covered roughly 75% of the basin, and thus the member extends out to 
the basin margin where magnetostratigraphy has been reported (Roehler, 1993; Clyde et 
al., 1997, 2001). In the magnetostratigraphic sections of Clyde et al. (1997), the base of 
16 
the Laney is in a reversed magnetozone interpreted to be chron C22r (Clyde et al., 2001). 
Since the tuff is located beneath the base of the Laney (i.e., top of the Wilkins Peak), it is 
likely closer to the C23n.ln/C22r boundary. According to GOS2004, the chron boundary 
is dated at 50.73 Ma, leaving a discrepancy of over 1 m.y. when compared to the recent 
40Ar/39Ar age for the Sixth tuff (Smith et al., 2008). This correlation, however, assumes 
that this part of GPTS is well calibrated and the Wilkins Peak/Laney transition in the 
basin center is time equivalent to that in the basin margin, which has not yet been shown 
unequivocally. 
2.3 Biostratigraphv 
Mammalian fossils have historically been the most practical method used to date 
and correlate non-marine Cenozoic deposits within and between basins in North America. 
Their relatively rapid evolution and dispersal allow construction of a chronology based 
on the succession of discrete faunal assemblages that existed during different intervals of 
time in North America. The study area preserves one of the world's most complete 
mammalian records from the Wasatchian, Bridgerian, Uintan and Duchesnean NALMAs, 
including type areas for the latter three. These NALMA ages are correlated to the GPTS 
via magnetostratigraphy and/or 40Ar/39Ar ages of datable tuff horizons that intercalate 
with fossil bearing deposits. However, placing these rich paleontological records into a 
global temporal context via the GPTS has been hampered by the chronostratigraphic 
uncertainties (Clyde et al., 2004, Smith et al., 2004). 
In the Greater Green River Basin, Clyde et al. (1997, 2001) used 
magnetostratigraphy to correlate the Lostcabinian (Wa7) to Gardnerbuttean NALMA 
subages to the GPTS. The timing of the Wasatchian/Bridgerian NALMA boundary has 
17 
been constrained to chron C23r by Clyde et al. (2001) and Smith et al. (2008). In the 
Washakie Basin, rocks containing the Bridgerian and Uintan faunas have been 
constrained to chrons C21 to C20 (Flynn, 1986). This correlation is corroborated by a 
study in the Uinta Basin, in which the late Bridgerian through the late Uintan is correlated 
to the GPTS with the Bridgerian/Uintan NALMA boundary assigned to chron C21n 
(Prothero, 1996). 
2.4 Cvclostratigraphy 
Aside from these three traditional chronostratigraphic methods, Machlus et al. 
(2008) provided the first spectral analysis in support of the long-standing orbital 
interpretation of rhythmic sedimentary cycles within the Wilkins Peak Member of the 
Green River Formation. Their study underscores the great potential of the Green River 
Formation for terrestrial cyclostratigraphy which can be used to test ongoing efforts to 
calibrate all the C-sequence polarity chrons to the astronomical orbital time scale. In the 
marine realm, Westerhold and Rohl (in preparation) presented the first astronomical 
timescale for the early Eocene from the tropical western Atlantic (Demerara Rise, ODP 
Leg 207, Site 1258) for the interval between chrons C20 to C24, a critical period that 
encompasses the Early Eocene Climatic Optimum. 
18 
CHAPTER 3 
DATA COLLECTION AND ANALYSIS 
3.1 Field Work 
For this study, a total of twenty-nine different tuff beds from the Greater Green 
River, Wind River, Uinta, Fossil and Piceance Creek Basins were sampled (Figure 1.1, 
1.2). These tuffs were selected because of the availability of reliable Ax I Ar ages and 
their relevance to the regional chronostratigraphy. Although most of the tuffs are usually 
silt sized, they show different fabrics that reflect different depositional settings. For 
instance, lacustrine tuffs lack evidence of the post depositional reworking that is common 
in fluvial tuffs which are coarser grained, resulting in massive or laminated texture. Both 
types of tuffs may exhibit signs of post depositional zeolitization. Biotites are ubiquitous 
among many of the tuffs and are often concentrated heavily at the base and grade 
upwards, indicating that they were deposited in a single event. 
In the field, the tuffs were located with the help of colleagues or by GPS 
coordinates and rock descriptions provided in the literature. Effort was made to sample 
from the exact bed as those sampled for radiometric dating to eliminate any issues of 
lithostratigraphic correlation. At each sampling location, weathered materials were 
removed from the surface, and five to ten separately oriented samples were collected as 1 
inch diameter cylinders using a portable gas powered core drill or as oriented hand 
19 
samples which were later cut into 8 cm3 cubes using a saw. Whenever possible, the finest 
grained parts of a tuff were preferentially sampled for paleomagnetic analysis. However, 
note that samples for radiometric dating were collected from the coarsest fraction (i.e., 
base) of the same bed. In cases when the tuff layers were not of an ideal lithology for 
paleomagnetism, samples were collected from siliciclastic layers immediately above and 
below (e.g., Boars tuff). Also, in the event that stratigraphic relations of the tuffs were 
unclear (e.g., due to suspected slumping as in the case of the White Lignitic Tuff, see p. 
95 in Sinclair and Granger, 1911, and Wavy tuff), samples were collected from multiple 
localities to average out the effect. Before extracting a sample, the orientation of the 
sample was measured in terms of azimuth and plunge (strike and dip if a block sample) 
and marked on the samples. In most cases, the tuff beds were flat lying, however when it 
was not the case, bedding orientations were measured using a Brunton compass and tilt 
corrections of the magnetic vectors were performed afterwards. 
3.2 Laboratory Work 
As none of these tuffs have previously been studied for paleomagnetism, pilot 
samples from each site were demagnetized first to determine the most effective 
demagnetization protocol for isolating the characteristic remanent magnetization 
(ChRM). Both magnetic intensity and demagnetization behavior were variable between 
sites, and thus different procedures were employed for all sites. The samples were 
demagnetized either by alternating field (AF) demagnetization, using a MOLSPIN 
alternating field demagnetize^ and/or by thermal demagnetization on ASC Model TD48-
SC thermal demagnetizer, between ranges of 2.5 mT and 99.9 mT and 25°C and 690°C 
respectively. All of the remanence measurements were performed on HSM 2 SQUID-
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based spinner magnetometer and carried out inside a three dimensional DC coil low-field 
cage in the Paleomagnetics Lab at the University of New Hampshire. 
Between four and five samples were measured from each site (for the Scheggs 
tuff, only three samples were analyzed). After measurement, best-fit lines were drawn 
through demagnetization trajectories that show step-wise decay to the origin, and 
maximum angular deviation (MAD) angles were calculated for the characteristic 
components. Samples with MADs of more than 20 degrees were rejected from further 
analyses. Sites that passed Watson's test for randomness at the 95% significance level 
with magnetic precisions parameter (kappa) of >10 (<10) were considered as alpha (beta) 
sites (Watson, 1956). Virtual geomagnetic poles (VGP) were calculated for alpha and 
beta sites to infer the polarity of the geomagnetic field at the time of deposition for each 
tuff horizon and used in the evaluation of the age models. 
Additional rock magnetic experiments were performed on selected tuffs to 
constrain ferromagnetic mineralogy within specimens. In the isothermal remanent 
magnetization (IRM) experiment, maximum fields of up to 1.1 T, 0.4 T, and 0.12 T were 
applied to a sample in x, y, and z axes respectively, leaving the hardest component 
(coercivity between 0.4 T and 1.1 T) in the x direction and the softest component 
(coercivity less than 0.12 T) in the z direction (Lowrie, 1990). IRM acquisition and the 
subsequent thermal demagnetization patterns were observed in a stepwise manner and 
plotted for each axis. Since different coercivity fractions tend to have different 
unblocking temperatures reflecting the underlying mineralogy, ferromagnetic constituents 
can be identified through the Curie temperature determination. 
21 
Magnetic Property Measurement System (MPMS) was used to track changes in 
magnetic moment of temperature dependent remanence and to identify mineralogy 
through characteristic crystallographic transition temperatures (e.g., Curie temperature 
and Verwey transition) on cooling and warming between 10 and 300 Kelvin. For this 
experiment, powdered samples were loaded in an empty gel capsules and mounted in a 
straw. The sample was subjected to a sequence of treatments; first, a sample was field 
cooled (FC) from 300 K to 10 K after which remanence was measured on warming from 
10 to 300 K. Then, the sample was cooled in the zero field (ZFC) to 10 K, followed by 
acquisition of low temperature saturated isothermal remanent magnetization (LTSIRM) 
at 10 K, and remanence was subsequently measured on warming in the zero field. 
Finally, a room temperature saturated isothermal remanent magnetization (RTSIRM) was 
acquired at 300 K and its remanence was measured on cooling and warming. FC 
remanence and RT remanence on warming were omitted from the procedure on some 
samples. 
Also measured were bulk susceptibility of samples at both high and room 
temperatures using a Kappabridge, and room temperature hysteresis loops on Vibrating 
Sample Magnetometer, both of which help characterize magnetic grain sizes and 
mineralogy within samples. High temperature susceptibility experiments take advantage 
of a physical property of ferromagnetic minerals in which susceptibility drops sharply on 
warming through characteristic Curie temperatures. Magnetic response of the sample was 
monitored while the temperature was varied between 20°C and 700°C. In the hysteresis 
loop measurements, a varying field was applied to a sample and a magnetic response of 
an individual grain (i.e., magnetization) was monitored as the field is varied between the 
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maximum and minimum through the zero field. The shape of the hysteresis loop was then 
interpreted graphically for mineralogy and magnetic grain sizes based on a few magnetic 
parameters such as Mr (saturation remanence magnetization), Ms (saturation 
magnetization), Hrc (remanent coercive force), and He (coercive force). The IRM 
experiment was carried out at the University of New Hampshire whereas all other rock 
magnetic experiments were carried out at the Institute of Rock Magnetism at the 




4.1 Polarity Determinations 
Natural remanent magnetization (NRM) intensities are highly variable and range 
over three orders of magnitude between 0.092 mA/m (average site value for the K-spar 
tuff) and 21.912 mA/m (average site value for the Church Butte tuff, Table 4.1). Neither 
intensity nor grain size appears to affect demagnetization behavior or the ability to isolate 
a characteristic remanence magnetization (ChRM). However, it was noted that the tuffs 
deposited in fluvial environments (Wind River, Bridger and Fowkes Formations) 
generally exhibit higher NRM intensities than the tuffs deposited in lacustrine settings 
(Green River Formation). The fluvial tuffs also exhibit higher magnetic susceptibility 
compared to the lacustrine tuffs likely due to higher concentrations of volcanigenic input 
in the fluvial tuffs than in the lacustrine tuffs (Table 4.2). 
Seventy-three out of 128 samples were demagnetized using thermal 
demagnetization, whereas the remaining samples were demagnetized with AF 
demagnetization. In some cases, both methods were combined to resolve a ChRM more 
effectively. Demagnetization revealed one or two distinct NRM components in every 






























































































































































































































































































































































Table 4.1: Summary of paleomagnetic analyses of all the tuffs sampled and studied. From 
and To refer to the interval of temperature (bold) or field (underlined) steps within which 
ChRM was isolated. In every case, the origin was included when fitting a line through the 
ChRM interval. Decgeo (Incgeo) are declination (inclination) in geographic coordinates. S 
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Table 4.1 (Continued): Summary of paleomagnetic analyses of all the tuffs sampled and 
studied. From and To refer to the interval of temperature (bold) or field (underlined) steps 
within which ChRM was isolated. In every case, the origin was included when fitting a 
line through the ChRM interval. Decgeo (Incgeo) are declination (inclination) in geographic 


























































































































































































































































































































































Table 4.1 (Continued): Summary of paleomagnetic analyses of all the tuffs sampled and 
studied. From and To refer to the interval of temperature (bold) or field (underlined) steps 
within which ChRM was isolated. In every case, the origin was included when fitting a 
line through the ChRM interval. Decgeo (Incgeo) are declination (inclination) in geographic 


















































































































































Table 4.2: Room temperature susceptibility measurements of specimens from thirteen 
selected sites 
28 
A BB0508F B CID703D C KTOHS6D 
a 3s n w w w?- * m m .» . m w m m '> ^ ^ *» ** 
Figure 4.1: Demagnetization behaviors for three representative samples from this study. 
A: Layered tuff, B: Tabernacle Butte tuff, C: K-spar tuff. Top: Zjigerveld diagrams 
showing step-wise demagnetization. Open (closed) squares are inclination (declination). 
Middle: stereonet projections of changes in declinations and inclincations during the 
course of demagnetization. Notice that the demagnetization of KT0706D sample follows 
a great circle as the normal overprint component gets progressively removed. BR0506F 
and KT0703D show well-clustered magnetic vectors, indicating a lack of secondary 
components. Bottom: intensity changes as a function of increasingly large applied field or 
temperature during demagnetization. 
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unblocking temperatures up to 400 °C or coercivities of up to 40 mT (Figure 4.1). The 
overprint components showed highly variable directions, and thus an attempt to infer the 
source or timing of the suspected secondary magnetization was not possible. Upon 
removal of the low temperature or low field component, ChRM was gradually 
demagnetized between 200-690 °C or 6-99.9 mT. Five samples with MAD angles larger 
than 20 were rejected from further analyses. The average MAD angle for the remaining 
123 samples was 8.16, and the ChRM from those sites was used to establish site mean 
directions. Of the 23 sites that passed Watson's test for randomness at the 95% 
significance level, six sites were characterized by reversed polarity with ChRM showing 
S-SE declinations and moderate to steep inclinations (Dectec = 159°, Inctec = -62°). The 
remaining sites were characterized by normal polarity with N-NW directions and 
moderate to steep downward inclinations (Dectec = 1.6°, Inctec = 56°). Eighteen sites with 
k>10 are referred to as alpha sites and include the Henrys Fork, Sand Butte, Sixth, 
Layered, Main, Church Butte, C Bed, Bridger Basal E, Leavitt Creek, Continental Peak, 
Tabernacle Butte, Rife, Boar, K-spar, Sage, Sage Creek Mountain pumice, Blind Canyon 
and Yellow tuffs. Sites with k<10 are referred as beta sites and include the Grey, 
Firehole, Fat, Oily and Strawberry tuffs. These beta sites are burdened by anomalous 
declination directions that vary between 117.4° and 301.7°. Inclinations of their ChRM, 
however, are largely consistent between samples within a site, and therefore, are included 
in the calculation of site VGPs to infer polarity of the geomagnetic field at the time of 
their deposition. 
Well clustered ChRM directions form two polarity groups and pass the reversal 
test (Tauxe, 1998) at the 95% confidence level. The mean direction when all reversed 
30 
sites are inverted is 353.6/57 which is very similar to the expected early Eocene direction 
for the southwestern Wyoming (349/61, Diehl et al., 1983, Figure 4.2). My results show 
that ash fall tuff deposits in general can reliably record the ancient geomagnetic field and 
have the potential to provide paleomagnetic constraints even when the surrounding 
siliciclastic facies are not well suited for paleomagnetic analysis as in the case of the 
Green River Formation in the Greater Green River Basin (Strangway and McMahon, 
1973; Sheriff and Shive, 1982). The sites that could not be statistically distinguished from 
random may have been handicapped by possible post-magnetization slumping (e.g., 
Wavy and White Lignitic tuffs) or severe post-depositional chemical alteration that 
induced secondary chemical remanent magnetization as is likely in the case of the 
Analcite, Curly and Wavy tuffs. Site statistics for all paleomagnetic data analyzed for this 
study are summarized in Table 4.3. 
4.2 Rock Magnetism Experiments 
Isothermal remanent magnetization (IRM) experiments were carried out on six 
representative samples (Henrys Fork, Grey, Basal Bridger E, C Bed, and Leavitt Creek 
tuffs). During the acquisition of a three-component IRM, Henrys Fork, Analcite, and C 
Bed samples show 95% saturation magnetization by ~ 0.4 T (Figure 4.3). However, the 
Basal Bridger E, Leavitt Creek, and Grey tuffs do not reach saturation even at 1.1 T. The 
subsequent step-wise thermal demagnetization indicates a dominance of magnetite in the 
Henrys Fork and Grey tuffs, a mixture of magnetite and hematite in the C Bed tuff, and 
hematite in the Basal Bridger E and Leavitt Creek tuffs (Figure 4.4). These results are 




(Alpha sites only) 
Sortj. ISTotltl 
Figure 4.2: Equal area projections of ChRM directions of alpha sites in tectonic 
coordinates after demagnetization. Circles show a 95% confidence interval. Filled (open) 
squares lie in the lower (upper) hemisphere. When the reversed sites are inverted, the 
mean direction for all the alpha sites is 353.6/57, very close to the expected direction for 
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The coercivity ratio (remanent coercive force to coercive force) and the remanent 
ratio (saturation remanence magnetization to saturation magnetization) are plotted on a 
log-log plot (Day plot) in Figure 4.5 (Day et al., 1997). Day plots allow graphical 
interpretation of the grain size distribution of magnetic minerals within bulk samples. 
Most of the samples fall within the pseudo-single domain range (lower right corner), 
while the remaining samples are interpreted to lie within a single domain phase (Figure 
4.5). Of the thirteen tuffs that were subjected to the hysteresis loop measurements, no 
samples were found to contain a large fraction of multi domain grains, while the majority 
of the specimens were characterized by appreciable amounts of ferromagnetic minerals, 
indicating that the remanence is carried by magnetic grains of high reliability. The Main 
and Basal Bridger E tuffs exhibited wasp-wasted shaped hysteresis curves, a 
characteristic of either a mixture of superparamagnetic and single domain grains or that 
of magnetite and hematite. A further analysis of the resultant hysteresis loops indicates 
that the wasp-waisted loop of the Main tuff results from a mixture of hematite and 
magnetite, whereas a co-presence of single domain and superparamagnetic grains is 
responsible for the Basal Bridger E tuff (Tauxe et al., 1996). Finally, high temperature 
susceptibility measurements of the Sixth and Church Butte tuffs exhibit a drop in 
susceptibility near 580 °C indicating the presence of magnetite (Figure 4.6). A detailed 













-Leavitt Creek (131) 
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Figure 4.3: Step-wise acquisition of isothermal remanent magnetization as a function of 
applied field. The Basal Bridger E, Leavitt Creek, and Grey tuffs do not quite reach 
saturation even at 1.1 T, indicating a presence of magnetite. Other samples show 






• ( I I -
s'i-









- — - _ \ 
,, ^ \ V 
^'p-~^ 
TS 1J5 SS : » S3£S 
C. BR051IJ{CB«ttirft) 





T !5 135 £3 C 33 $ •'?$? rj^ l ^ " &»8 












X , "13,. 
5 i i ; ; 1 r ^ w ^ w ^ m ^ 







D. BR0512B (Basal Badger E tuff) 
q 
H 
- 0 ~ * I 
- - „ | 
\ \ 
'* \ "h 
'n 
"~Q-a, 
— , — , — — — t — — — , — , — , — — j ^ ^ S j ' - f S f j i * ) ! : - -
M !«i Sit :MS *sti an an mi 
Figure 4.4: Thermal demagnetization of acquired IRM. The samples were demagnetized 
in three orthogonal axes where fields of 1.1 T, 0.4 T, and 0.12 T were applied to the x, y, 
and z axis respectively. A characteristic Curie temperature determination indicates the 
presence of magnetite in the Henrys Fork and Grey tuffs, hematite in the Ba'sal Bridger E 
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Figure 4.5: Day plot showing a distribution of magnetic grain sizes found within selected 
thirteen tuff samples. The plot is divided up to show a field for magnetic grains within a 
single domain (SD) and psudo-single domain phase (PSD). Two sites that fall on the 
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Figure 4.6: High temperature susceptibility measurements for the Sixth (BR0505D.02) 
and Church Butte (BR0508.02) tuffs. Both samples show a loss in susceptibility near 
580 °C indicating a presence of magnetite. Solid line - BR0505D.02 (Sixth tuff), broken 















































































































































































































































































































































































































































































































































































































































































5.1 Evaluation of Age Models 
Since the compilation of the seafloor magnetic anomaly pattern by Cande and 
Kent (1992), seven calibration models have been proposed for the early to middle Eocene 
part of the GPTS. These efforts not only reflect growing interests in Eocene time but also 
underscore the significant uncertainty for this part of the timescale. The age models 
evaluated in this study are: the two most recent GPTS's (CK95 and GOS2004), Model B, 
C, and D of Machlus et al. (2004), Smith et al. (2008), a new model that is derived from 
Wing et al. (2000), and cycle-counted and tuned versions of Westerhold and Rohl (in 
preparation) cyclostratigraphy. 
The CK95 model is a revised version of CK92 and incorporates changes that 
arose as a result of a new age for the Cretaceous/Paleogene (K/P) boundary (65 Ma rather 
than 66 Ma). In the CK95 calibration model, the Eocene is constrained by a total of three 
tie points located at 33.7, 46.8 and 55.0 Ma. In GOS2004, five calibration points form the 
backbone of the Eocene timescale, three of which are new additions since CK95 
(however, note that a new 40Ar/39Ar age was used for a calibration point located at 
C21n.33). Machlus et al. (2004) replaced the two older tie points of CK95 with an 
unpublished age (45.6 Ma) of Swisher and Montanari (1995) and a new age for the P/E 
40 
boundary (55.3 Ma, Wing et al., 2000) in Model B, with an age for the Sixth tuff (48.8 
Ma, Machlus et al., 2004) and the age for the P/E boundary in Model C, and with the age 
for the Sixth tuff in Model D, while keeping the same ages for the Eocene/Oligocene and 
Cretaceous/Paleogene boundaries as were in CK95 in all three cases. In these models by 
Machlus et al. (2004), the early Eocene is lengthened at the expense of the Paleocene and 
middle Eocene. Smith et al. (2008) based their model on 40Ar/39Ar ages of seven 
magnetostratigraphically constrained volcanic ash beds (see Table 4 in Smith et al., 
2008). In the model which is based on Wing et al. (2000), an age for the bentonitic tuff 
(52.8 ± 0.3 Ma, also referred as Willwood Ash) from the Bighorn Basin is used in place 
of the second oldest calibration point of CK95 which marks the P/E boundary. In the 
original calibration of Wing et al. (2000), the chrons from C29n (base) to C22n (top) are 
recalculated by linear interpolation between the age for the bentonitic tuff, the P/E 
boundary and the K/P boundary. Since the original Wing et al. (2000) age model ends at 
C22n, it was extrapolated to chron C20n in order to accommodate some of the younger 
tuffs collected from the Uinta Basin. The new version, which includes the extrapolated 
segment, will be referred to as Willwood model in the following. 
Westerhold and Rohl (in preparation) provide two models of cycle durations for 
the interval between chrons C20 and C24. Their age models are based on chron durations 
that are cyclostratigraphically estimated using astronomical tuning and cycle counting 
methods. In the former version, the cycles are tuned to the stable 405-kyr long 
eccentricity cycle while the latter version is based on cycle counting assuming 21 kyr and 
95 kyr for the precession and short eccentricity cycles respectively. For the evaluation of 
these cyclostratigraphic models, Ar/ Ar ages of the tuffs were converted using the 
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cyclostratigraphically calibrated age for the Fish Canyon tuff standard (28.20 Ma instead 
of 28.02 Ma, Kuiper et al., 2004) for consistency. In contrast to the other age models, 
testing the Westerhold and Rohl orbitally-tuned cyclostratigraphy requires a different 
approach as it is a floating age model due to unresolved uncertainties in radiometric 
dating of the GPTS calibration ages and in orbital solutions past 42 Ma (Machlus et al., 
2004; Westerhold et al., 2008). In order to assess their predictive power with respect to 
the polarity of the tuffs, the models must first be tied to a reference point. For this 
purpose, two cyclostratigraphically proposed ages for the Paleocene Eocene Thermal 
Maximum (PETM; Option 1 and Option 2 in Westerhold et al., 2008) were selected and 
used to anchor the floating timescale. According to Option 1, the PETM is interpreted to 
be at 55.53 ± 0.01 Ma and occurs within C24r that is cyclostratigraphically estimated to 
be 3.130 ± 9 my in duration in the same study. Since the timing of the PETM is 
constrained at C24r.03 (30% of C24r has elapsed before the event; approximately 0.94 
myr after the C24/C25 boundary and 2.19 my before the C24n.3n/C24r boundary) in 
GOS2004, this yields an age of 53.34 Ma for the older end of C24n.3n, which is the base 
of the Westerhold and Rohl age model. By stacking their cyclostratigraphically estimated 
durations of chrons C21r through C24r to 53.34 Ma, the intervening chron boundaries 
can then be assigned an age. Similarly, using the Option 2 value for the PETM (55.93 ± 
0.01 Ma, one long eccentricity cycle older than as in Option 1), the base of C24n.3n is 
approximately dated at 53.72 Ma. Since Westerhold and Rohl (in prep) use two models to 
decipher cycles and determine chron durations (cycle counting and tuning), and each of 
them is anchored using two ages for the PETM, a total of four versions of the Westerhold 
and Rohl model are considered for evaluation. 
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The magnetic polarity results from the twenty-three alpha and beta sites were used 
in conjunction with the most recently published 40Ar/39Ar ages of the tuffs (Smith et al., 
2003; 2008) to evaluate the aforementioned age models for the interval between 43 and 
52 Ma. The Ar/ Ar and paleomagnetic results are both assumed to be reliable for the 
purpose of assessing the age models. Since every age model makes a prediction about the 
polarity of these 40Ar/39Ar dated tuffs, agreement was evaluated based on the number of 
tuffs that have a concordant predicted and measured polarity within a framework of a 
particular age model. Under any age model, 40Ar/39Ar ages of at least a few tuffs are 
likely to cross over chron boundaries by chance when the 2-sigma fully propagated 
uncertainty is included, preventing an unequivocal assessment of the congruence between 
the predicted and measured polarity. Those tuffs are classified as Category II and are not 
used in the evaluation of that particular age model. The tuffs whose 40Ar/39Ar age ranges 
fall within a single chron for a particular age model are referred to as Category I tuffs and 
included in the calculation of "Index of Agreement" (see below). However, note that the 
category assignment is age model specific, and thus any given tuff may be classified as 
Category I according to one age model but as Category II according to another. 
An Index of Agreement (IA = number of matching tuffs divided by number of 
Category I tuffs) was calculated for every model and used to select the best model with 
maximum congruence between the expected and measured polarity. Because the number 
of Category I tuffs is variable between the models, the Index of Agreement provides a 
means to measure the effective statistical power of each model. In the best calibration 
model, all the Category I tuffs should theoretically have a measured polarity that matches 
the prediction and have an IA equal to 1. Highest IA was calculated for Model C and D 
43 
(IA = 0.64), followed closely by Willwood model (IA = 0.63). Table 5.1 and Figure 5.1-
5.11 show the result of this age model evaluation including IA for all of the other models. 
Because the scoring system using IA did not isolate one best model, an additional 
screening step was taken for the three models with the highest IA (Model C, Model D 
and Willwood model). First, the original calibration of the chrons neighboring the 
Category I tuffs that had discordant measured and predicted polarity were shifted 
incrementally until the chrons overlapped the base or top of the 40Ar/ Ar ranges of the 
discordant Category I tuffs. In essence, minimum changes that were necessary to result in 
an IA of 1 were applied to the magnetic chrons adjacent to the discordant Category I tuffs 
so that all the paleomagnetic and 40Ar/ Ar constraints were fulfilled at least partially for 
all the Category I tuffs. The ages of either the top or base of the discordant Category I 
tuffs toward which the chron boundaries were shifted were then considered as ages for 
the magnetic chrons. These modified versions of the three models will be referred 
hereafter as New Model C, D and Willwood model to differentiate them from the original 
versions. In all of these cases, the intervening chrons are scaled differently depending on 
the original calibrations, but in general, durations of normal chrons are lengthened at the 
expense of reversed chrons. 
At this point in the evaluation, each of the three new models provides a 
calibration framework in which the 40Ar/39Ar and paleomagnetic constraints are in at least 
partial agreement for all tuffs. In the next step, they are evaluated in a wider regional 
chronostratigraphic context to identify a model that has the capacity to encompass known 
chronostratigraphic constraints in the most coherent way. Magnetostratigraphies from 
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Figure 5.1: GOS2004 calibration. Grey bars on the right indicate temporal uncertainties on 
chron boundaries that are a.result of uncertainties in positions of magnetic anomalies on 
the seafloor (see text for discussion). Refer to Table 1.1 for tuff abbreviations. Filled bars 
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Figure 5.2: CK95 calibration. Grey bars on the right indicate temporal uncertainties on 
chron boundaries that are a result of uncertainties in positions of magnetic anomalies on 
the seafloor (see text for discussion). Refer to Table 1.1 for tuff abbreviations. Filled bars 




Figure 5.3: Machlus et al. (2004) Model B calibration. Grey bars on the right indicate 
temporal uncertainties on chron boundaries that are a result of uncertainties in positions 
of magnetic anomalies on the seafloor (see text for discussion). Refer to Table 1.1 for tuff 
abbreviations. Filled bars indicate tuffs with normal polarity, whereas open bars indicate 
those with reversed polarity. 
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Figure 5.4: Machlus et al. (2004) Model C calibration. Grey bars on the right indicate 
temporal uncertainties on chron boundaries that are a result of uncertainties in positions 
of magnetic anomalies on the seafloor (see text for discussion). Refer to Table 1.1 for tuff 
abbreviations. Filled bars indicate tuffs with normal polarity, whereas open bars indicate 
those with reversed polarity. 
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Figure 5.5: Machlus et al. (2004) Model D calibration. Grey bars on the right indicate 
temporal uncertainties on chron boundaries that are a result of uncertainties in positions 
of magnetic anomalies on the seafloor (see text for discussion). Refer to Table 1.1 for tuff 
abbreviations. Filled bars indicate tuffs with normal polarity, whereas open bars indicate 
those with reversed polarity. 
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Figure 5.6: Smith et al. (2008) calibration. Grey bars on the right indicate temporal 
uncertainties on chron boundaries that are a result of uncertainties in positions of 
magnetic anomalies on the seafloor (see text for discussion). Refer to Table 1.1 for tuff 
abbreviations. Filled bars indicate tuffs with normal polarity, whereas open bars indicate 
those with reversed polarity. 
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Figure 5.7: Willwood calibration. Chron boundaries younger than C22n (top) are 
extrapolated from the original age calibrations of Wing et al. (2000) for chrons C22n 
through C29n. Grey bars on the right indicate temporal uncertainties on chron boundaries 
that are a result of uncertainties in positions of magnetic anomalies on the seafloor (see 
text for discussion). Refer to Table 1.1 for tuff abbreviations. Filled bars indicate tuffs 
with normal polarity, whereas open bars indicate those with reversed polarity. 
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Figure 5.8: Westerhold and Rohl (in prep) tuned model as anchored to the Option 1 value 
(55.53 Ma) for the PETML Shaded portion of the timescale is not calibrated by the model. 
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Figure 5.9: Westerhold and Rohl (in prep) cycle-counted model as anchored to the Option 
1 value (55.53 Ma) for the PETM. Shaded portion of the timescale is not calibrated by the 
model. Filled bars indicate tuffs with normal polarity, whereas open bars indicate those 
with reversed polarity. 
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Figure 5.10: Westerhold and Rohl (in prep) tuned model as anchored to the Option 2 
value (55.93 Ma) for the PETM. Shaded portion of the timescale is not calibrated by the 
model. Filled bars indicate tuffs with normal polarity, whereas open bars indicate those 
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Figure 5.11: Westerhold and Rohl (in prep) cycle-counted model as anchored to the 
Option 2 value (55.93 Ma) for the PETM. Shaded portion of the timescale is not 
calibrated by the model. Filled bars indicate tuffs with normal polarity, whereas open 
bars indicate those with reversed polarity. 
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1997, 2001), East Fork Basin (Flynn, 1986), and Uinta Basin (Prothero, 1996) were 
correlated to chrons within each of the three new calibration framework in exactly the 
same way as they were correlated to the GPTS in the original studies (Figure 5.12, 5.13, 
5.14). Magnetostratigraphy from the Washakie Basin (Flynn, 1986) was not included 
because of the -90 m uncomformity of unknown duration towards the end of the 
Bridgerian NALMA. In order to assess the extent to which these new models meet the 
constraints imposed by previous chronostratigraphic studies, the following 
chronostratigraphic data from relevant sections are considered as important criteria. 
(1) The Paleocene/Eocene boundary is constrained to occur at C24r.3 and is 
calibrated at 55.8 ± 0.2 Ma (Gradstein et al., 2004). 
(2) In Fossil Basin, the K-spar tuff lies approximately 10 meters above the 
fish-bearing bed which is associated with the Wa6 and Wa7 biozones. 
(3) In the eastern Washakie Basin, the Niland Tongue of the Wasatch 
Formation has produced the Dad Local fauna from Wa7. The Niland 
Tongue lies below the Rife Bed which contains the Rife tuff in the Greater 
Green River Basin, and thus the Rife tuff should be younger than the Wa7. 
(4) The Bridger E lithology which includes the Basal Bridger E tuff is 
correlated to the earliest Uintan (i.e., "Shoshonian" NALMA subage or 
Uil) (Robinson et al., 2004). 
(5) The Church Butte and Leavitt Creek tuffs are both known to belong to the 
Br2 biozone. According to a magnetobiostratigraphy from the East Fork 
Basin, Chron C22n/C21r boundary is constrained to lie within the 
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Figure 5.12: New Machlus et al. (2004) Model C along with magnetobiostratigraphic 
constraints from previous studies. See text for discussion. 
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Figure 5.13: New Machlus et al. (2004) Model D along with magnetobiostratigraphic 
constraints from previous studies. See text for discussion. 
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Figure 5.14: The New Willwood model along with magnetobiostratigraphic constraints 
from previous studies. See text for discussion. 
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biozone Br2 (Flynn, 1986). Thus, the chron boundary should occur in the 
vicinity of the Church Butte and Leavitt Creek tuffs. 
(6) The Fat tuff is correlated to C21n that includes the Bridgerian/Uintan 
boundary according to Prothero (1996). 
(7) Magnetostratigraphic and radiometric studies from the Absaroka Range 
constrained the early Bridgerian assemblages to C22 (Sundell et al. 1984). 
(8) Magnetostratigraphy from the Bighorn Basin (Tauxe et al., 1994) 
constrain the bentonitic tuff, which is dated at 52.8 ± 0.3 Ma, to lie near 
the older boundary of C24n. In. 
(9) A fossil jaw of Orohippus uintanus (Marsh, Zeller and Stephens, 1969) 
found from a level approximately 10 meters above the Continental Peak 
tuff is biostratigraphically correlated to the Bridger B lithology (Gunnell, 
2008, personal communication), which includes the Church Butte tuff. 
Since these two tuffs have overlapping 40Ar/39Ar ages but different 
polarities, a reversal must lie somewhere within the combined age range of 
the two tuffs. 
As seen in Table 5.2, which details the result of the evaluation for the three new age 
models, the New Willwood model provides a best calibration framework that fully meets 
the regional chronostratigraphic data from the region and thus is tentatively favored and 
recommended as the best alternative yet available to the current early-middle Eocene 
GPTS calibration. 
My results show that the four cyclostratigraphic models of Westerhold and Rohl 
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Chronostratigraphic criteria 
(1) Position of the P/E boundary 
(2) Position of the K-spar tuff 
(3) Position of the Rife tuff 
(4) Position of the BE tuff with respect to the 
Shoshonian NALMA age 
(5) Position of the C22n/C21r boundary with 
respect to the CB and LC tuffs 
(6) The Fat tuff is correlated to C21n 
(7) The early Bridgerian assemblages 
correlated to C22 
(8) The bentonitic tuff lies near the older 
boundary of C24n.ln. 
(9) C21/C22 boundary within the combined 
40Ar/39Ar age range of the CB and CP tuffs. 
































Table 5.2: Evaluation of three new models against regional chronostratigraphic 
constraints. Numbers correspond to the text. 
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marked discrepancy in chron C22r; the Sixth, Layered and Main tuffs, all of which are 
Category I tuffs and characterized by normal polarity are predicted to lie within C22r in 
all four models. Age calibration of the chrons could differ depending on the age choice 
for the PETM, possibly resulting in a better correspondence between the measured and 
predicted polarities for these models. This possibility, however, is unlikely because the 
Westerhold and Rohl models predict significantly shorter durations for Chron C22n and 
C23n compared to other age models (see Table T2 in Westerhold and Rohl, in 
preparation), resulting in a timescale that is relatively dominated by reversed chrons. This 
situation makes it difficult for their models to meet the paleomagnetic polarity constraints 
as many of the tuffs (18 out of 23 alpha and beta sites) are of normal polarity. Although 
the possibility of overprinting on the normal sites cannot be refuted due to a lack of 
opportunity to perform a fold test in a flat bedded environment, the best model selected in 
this study (New Willwood model) meets the constraints imposed by all five reversed 
tuffs even prior to the chron adjustment. This apparent discrepancy between the marine 
based cyclostratigraphy of Westerhold and Rohl (in prep) and the 40Ar/39Ar and 
paleomagnetic data from the continental rocks may be resolved when land-based 
cyclostratigraphy becomes available from the Green River Formation (Machlus et al., 
2008). 
Since the tuffs were sampled from many discrete horizons for this study as 
opposed to a continuous section, polarity determinations were inferred without regard to 
identifying a particular chron to a tuff. However, previous magnetostratigraphic studies 
from sections to which some of the tuffs can be correlated bolster the New Willwood 
calibration scheme. For instance, the new age model predicts a chron of C21r for the 
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Continental Peak tuff. This is consistent with what would be expected based on the 
previous magnetostratigraphic study that reported chron C22n for the Bridger Formation 
sequence that lies below the Continental Peak tuff in the same locality (Clyde et al., 
2001). Furthermore, Prothero (1996) reported magnetostratigraphy from the Indian 
Canyon of the Uinta Basin that spans from the Horse Bench Sandstone marker bed of the 
Upper Member (Green River Formation) to the limestone and sandstone facies (Green 
River Formation). The Fat and Oily tuffs can be located in the section based on their 
meter levels with respect to the Horse Bench sandstone marker bed and the saline 
facies/limestone-sandstone facies transition (Figure 1.2). The New Willwood model 
places the Fat tuff in C21n and is in agreement with Prothero's correlation. The Oily tuff, 
however, is assigned to C19r according to Prothero's magnetostratigraphy and is in 
conflict with the polarity determination of this study. 
Aside from the uncertainties on the 40Ar/39Ar ages of the calibration points used in 
the GPTS, there are uncertainties on the estimated positions of seafloor magnetic 
anomalies with respect to the South Atlantic spreading ridge (see Table 4 in Cande and 
Kent, 1992). Between chrons C20n and C23, the uncertainties in chron spacings amount 
to 19.753 km with Chron C23 having the largest uncertainty (17.3% of the reported 
width). These uncertainties are reported in kilometers but can be translated to absolute 
time in millions of years when an age model is applied. Thus, temporal uncertainties 
inherent in the GPTS calibration are derived not only from the Ar/ Ar dating on 
calibration points and unverified assumption of the seafloor spreading rates, but also from 
uncertain positions of magnetic reversals, making it difficult to constrain sources of error 
in the timescale. The New Willwood model entails shifts in chron ages that lie outside of 
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the recognized uncertainties on chron positions, indicating that the uncertainties 
associated with the positions of the magnetic anomaly boundaries can explain only part 
of the difference between the GOS2004 and the calibration proposed here (Figure 5.15). 
Because of the large uncertainties of unverifiable sources in the underpinnings of the 
GPTS, this study suggests that calibration of the magnetic reversals can be done more 
reliably by directly measuring radioisotopic ages and paleomagnetic polarity of datable 
horizons from continental and/or marine stratigraphic sequences, although the seafloor 
magnetic anomaly profile will remain crucial in the future as the only continuous 
blueprint of magnetic reversals. In fact, the departure from the traditional paradigm of 
relying heavily on the seafloor magnetic anomaly profile for the development of a 
timescale is already under way as proven by the recent efforts to calibrate the entire 
Cenozoic GPTS using astronomical calibration. 
5.2 Implications of New Calibration 
Based on a distribution of the tuffs within the calibration framework of the New 
Willwood model, timing of major lithological units and major biological and 
chronological boundaries can be inferred. The new calibration model correlates the Fossil 
Butte Member to C23r, Parachute Creek Member to C22r, Green River Formation in the 
Greater Green River Basin to C23n.ln to C22n, the Bridger A lithology to C22n, the 
Bridger B lithology from C22n to C21r, the Bridger C and D to C21r and C21n, the 
Bridger E lithology to C21n, the Evacuation Creek Member and the saline facies to C21n 
and the limestone-sandstone facies to C20n. Using the correlation of the previous studies, 
the Wasatchian/Bridgerian boundary in C23r is bracketed between 51.75 and 52.53 Ma 
and the Bridgerian/Uintan boundary in C21n between 45.24 and 48.03 Ma. The New 
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Willwood model dates the Ypresian/Lutesian stage boundary at 48.85 Ma, making the 
Ypresian stage (early Eocene) -0.6 my shorter in duration, whereas the Lutesian is 
lengthened by -0.48 my compared to GOS2004. Finally, the new calibration implies that 
the Early Eocene Climatic Optimum lasted from 50.42 to 52.08 Ma over a 1.66 my 
interval. This is a much shorter duration than has been previously proposed and could 
potentially have important implications for understanding the climatic system at the 
height of the Cenozoic greenhouse climate (Machlus et al., 2004). 
The timing and absolute duration of these major geological events are by nature 
highly susceptible to uncertainties in the age calibration of the GPTS. This study not only 
provides age estimates for these events but also helps improve our understanding of the 
major assumptions inherent in the GPTS by demonstrating that the seafloor spreading 
was more variable on short time scales than was modeled in GOS2004 (Figure 5.15). The 
largest changes are apparent in the pre-C22r part of the study interval, which coincides 
with an interval that is not only relatively poorly constrained (only one calibration point 
located at 45.6 Ma) but also characterized by infrequent reversals. Furthermore, the new 
calibration makes the chrons before C22r consistently younger than were calibrated in 
GOS2004, resulting in seafloor spreading curves with a similar slope between the new 
model and GOS2004 but are offset slightly. In contrast, the chrons after C22r are made 
older according to the new calibration model compared to GOS2004. The magnitude of 
differences in chron ages between the two calibration models is less uniform and also 
larger in the post-C22r part on average than in the pre-C22r interval, implying that the 
seafloor spreading was less uniform during the younger part of the study interval. The 
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largest change in the calibration is found for the older age of the C22n with as much as a 































































































































































































































































































































































































































































Table 5.3: Ages for magnetic chrons C18r through C24r according to the New Willwood 
model. Bold ages are the new calibration ages proposed in this study. Ages in regular font 
are from Wing et al. (2000), and underlined ages are linearly extrapolated from the 
calibration of Wing et al. (2000). Chron ages refer to lower (older) ends. Distances from 




Paleomagnetic polarity determination of twenty-nine tuffs from the Laramide 
foreland basins was used in conjunction with the existing 40Ar/39Ar ages of the same tuffs 
to evaluate eight competing calibration models for the early to middle Eocene part of the 
GPTS. Reliable paleomagnetic signals were retrieved from a total of twenty-three sites, 
of which seventeen showed normal and six showed reversed polarity. When taken 
together, these two independent chronostratigraphic data allow evaluation of the eight 
calibration models based on the degree of agreement between predicted and measured 
polarity achieved in each model. The New Willwood model is tentatively favored and 
recommended as the best alternative yet available to the current GPTS calibration as it 
provides a framework into which known chronostratigraphic data from relevant sections 
are correlated most coherently. Three important implications are apparent in this new 
calibration. First, under this new model the early Eocene (Ypresian) is shortened by 0.6 
my whereas the middle Eocene (Lutesian) is lengthened by 0.48 my compared to 
GOS2004. Secondly, the Early Eocene Climatic Optimum is implied to have lasted from 
50.42 to 52.08 Ma, resulting in a much shorter duration for the interval characterized by 
the Cenozoic maximum temperature (Zachos et al., 2001). Finally, the new calibration 
model implies that the seafloor spreading was more variable on short time scales than 
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was modeled in the GPTS. This study demonstrates the utility and potential of closely 
spaced tuffs from a continental sedimentary sequence in providing both radiometric and 
paleomagnetic constraints with which to fine-tune calibration of the GPTS and 
reconstruct seafloor spreading rates at a higher resolution than has been possible. 
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